Introduction
In order to benefit from the expected high luminosity that will be provided by the Phase-I and High-Luminosity upgrades of LHC [1] , the inner- The MM tracking system is designed with eight independent layers, orthogonal to the LHC beamline, organized in two quadruplets, as shown in Tre, Roma Sapienza.
The Micromegas chamber
A single MM layer is shown in Fig.2 . Two Printed Circuit Boards (PCB ) create a uniform electric field (∼600 V/cm) in a 5 mm gas gap. The drift cathode (the drift PCB ) is held at negative HV (typically −300 V) with respect to a stainless steel mesh, which is grounded. The mesh is stretched above a series of 128 µm high pillars posed on the anode, composed of resistive strips on a kapton ® layer held at positive HV (typically around 500-600 V). The resulting electric field between the mesh and the anode is very large (∼50 kV/cm), more than 50 times higher than the drift field. This scheme guarantees the almost complete transparency of the mesh and the almost complete evacuation of the avalanche ions in a short time (∼100 ns) in the mesh. Below the kapton, metallic strips capacitively coupled with the resistive strips allow to read out the electric signals [5] . Pillars, resistive and metallic readout strips are integrated in the read-out PCB s. wide at the two extremities (Fig.4) . As also shown in the figure, the read-out panels have an extra border for the front-end electronic boards and services, such that their dimensions extend to 500 mm and 1320 mm at the two extremities. All panels consist of two sets of PCBs, facing an aluminum (Al) Three out of the five panels (panels 1, 3 and 5
The Quadruplet
in Fig.3 ), which contain drift cathodes only, are the drift panels. For the drift panel production only the inner FR4 face of the external drift panels (1 and 5 in figure 3 ) and both FR4 faces in the central drift panel (3 in figure) are covered with a 17 µm copper layer providing the cathode for each of the four layers. In the present prototype also the outer face of the two external drift panels were covered with copper. µm. The pillar shape and spacing was optimized to reduce the dead area while maintaining a mesh planarity, with a sufficient area at the bottom of the pillar to guarantee a successful adhesion to the PCB.
Both the drift and read-out PCBs are manufactured by the industry with the resistive layers being produced by Kobe University in Japan [11] and delivered to the PCB contractor. 4 .
Quality requirements
The quality of the MM chambers critically de- d) 37 µm in RMS, equivalent to ± 110 µm mechanical tolerance, for both read-out and drift panels; e) 50 µm for the bars and for the honeycomb.
In addition, the electrical connection between the lateral frames, the inner bars and the honeycomb was carefully checked.
Assembly and test of the Read-Out Panels
The two read-out panels (i.e. panels 2 and 4 in 
Construction and Measurement System
The clean room was equipped with a (3500 × Since the 10 plates define the two reference surfaces for construction and measurements of the components, a flatness check on them was per- 
Component QA/QC
A careful dimensional QA/QC on each component was performed before construction, in order to detect faulty components and to verify that all the mechanical specifications had been met.
The Al frames positioned in the internal structure of the panels were checked both for their dimen- The honeycomb sheets were only checked for thickness with a micrometer. Due to the construction method described in the following section, a very precise height measurement of the components is not needed, since the discrepancies are compensated by layers of glue. Still, there should be no The plates on the table and on the stiff-back are precisely matched by using a tapered interlock and A set of additional tests will be performed on RO panels to be used in MM chambers for the NSWs:
a strip alignment test, a test to check for possible gas leakage, and some electrical tests will be carried out.
Assembly and test of the Drift Panels
The three drift panels of the Module-0 (i.e. panels 1, 3, 5 in Fig.3 were prepared in a class 10,000
clean room of the Sezione INFN di Roma using the so called vacuum bag technique [7] (Fig.12 ), developed in the workshop and extensively tested in the preparation of several small panel prototypes.
Preliminary tests
The structure of the drift panels is described in shows the data for the lateral frames, the medium one the data for the PCBs, and the lower one the data for the honeycomb pieces, all measured along their edge.
Drift panel assembly
The vacuum bag method provides a simple tech- The PCBs were fixed to the bar using 5 mm dowel pins.
Afterwards the glue was distributed on the lateral frames and the inner bars, which were then positioned on the PCBs standing on the granite table.
The position of the lateral frames was determined with respect to the PCBs by 6 mm dowel pins.
At this point the five honeycomb pieces were positioned on the PCBs standing on the granite table.
The lateral frames, the inner bars and the honeycombs were all electrically connected together with small electric cables.
The following operations are different in the single-and two-step methods. In the single-step procedure, used for the outer drift panels, the glue After one day, the cover was removed and the assembly of the panel was completed.
A more accurate procedure was followed to pre- pare the central drift panel, where a good planarity is demanded on both sides. In this two-step procedure the second set of five PCBs was positioned without glue and the vacuum bag procedure was started. When the curing of the glue on the bottom side was completed, the second set of PCBs Electrical measurements were also performed on the assembled drift panels. When applying 1 kV voltage the current measured was checked to be less than 10 nA. to the large electric field between mesh and anode that presses the mesh on the pillars. This method, called floating mesh [8] , is a novel technique, since all previous MMs of smaller dimensions had been built with the so called bulk technology [9] . In the floating mesh concept, the quadruplet can be reopened since the mesh is not glued to the read-out PCB.
Mechanical finishing of the drift panels
The finalization started with some minor fixing of the panels, like removing the glue in excess, checking and reopening the holes when obstructed by glue, fixing possible delamination problems, gluing of inlet/outlet gas connectors. The electrical transparency of the stainless steel micro-mesh, necessary for the passage of drift electrons, depends by both its mechanical structure and the ratio between the amplification and drift electric fields. To avoid amplification gap inhomogeneity, due to sags between the pillars or to wrong positioning, the mesh must be precisely tensioned and glued.
The mesh used for the Micromegas prototypes described in this paper had 28 µm wire diameter with 50 µm opening (denoted as 28/50), whilst the mesh used in the final version is 30/70.
During the construction, it was stretched to the desired tension, then prepared with holes where the interconnections must pass through, and finally glued on the Al frames (the mesh frames) which were in turn fixed (glued and screwed) on the drift panel (Fig.20) .
A nominal mesh tension in the range 7−10 N/cm with a uniformity of ±10% is required in the drift panel after gluing. Since, during mesh gluing, its tension increases by about 15% due to it being pressed onto the frame, the initial tension on the transfer frame was adjusted to 8 N/cm.
A stretching table (∼ 2 × 3 m 2 ) was built in the RM3 laboratory (Fig.21) . The table is In order to move the mesh, while keeping it at its 11 Sefar Tensocheck ® 100. nominal tension, a set of reusable transfer frames were built. As can be seen in Fig.22 , the mesh hold- Once the mesh was ready, stretched and in position in the transfer frame, a full map of the tension was produced. Fig.24 shows the tension measurement of one of the meshes after the transfer process, following the mentioned procedure. A uniformity of about 7%, sufficient for the detector requirements, was reached.
Mesh punching and gluing on the drift panels
In order for the interconnections to pass through all the panels in the assembled quadruplets, the meshes were perforated, using a punch through tool after local passivation. This procedure, which prevents mesh fraying and/or filaments to stick-out was produced with a little "button" of glue, typically 10 mm in diameter and 150 µm in thickness.
The glue was first dispensed on a mylar foil, and then pressed and left curing on the mesh.
The average mesh thickness on the passivated region was around 65 µm, about 10 µm in excess with respect to the bare mesh. The mesh punching (Fig.25) was done after the passivation glue curing (24 hours).
The final step in the drift panel completion was dropped from a calibrated height on the hollow punch; (4) the perforated mesh.
the transfer and gluing of the pre-stretched mesh from the transfer frame onto the panel mesh frame.
The glue was deposited on the inclined surface of the mesh frame with the help of a dedicated tool.
Particular care was taken during the gluing procedure to avoid any glue on the top part of the mesh frame, in order to keep the mesh at the proper height with precision, and also to avoid the glue from sticking out from the inclined surface.
The glue filled the grooves, with an extra-height of about 80 µm.
Once the glue was distributed all along the mesh frame, the stretched mesh on its transfer frame was lowered onto the drift panel (Fig.26 left) . This operation was done placing a 5 kg lead bricks on the mesh, all around the perimeter of the panel (Fig.26 centre). After curing overnight, the mesh was cut with a sharp scalpel, and the final product was ready for the final certification measurements and for quadruplet assembly (Fig.26 right) .
Final certification

Mesh tension measurements
The mesh tension was measured on the four meshes stretched and glued on the two external drift panels and on the two sides of the central 12 For the series production, procedure and tool improvement allow for results well within the requirements.
Global gas tightness certification tests
After the drift panel was sealed, the local gas leakage checks performed with success and the mesh-frame and the gas distribution pipes mounted and glued, the tightness certification of the entire panel was performed. For this test, a couple of gastight Al dummy panels were used. They served as a vessel for the drift panel and measured the leakage rate after filling the gas-gap with air. Then, about 100 mL of air were inserted by means of a syringe into the gas gap and the leak rate deduced by the pressure decay rate method. The differential pressure of the gas-gap was monitored for at least two hours. If the air leak rate exceeded the maximum allowed limit, the cause of it was carefully investigated and repaired and the gas tightness test was repeated. The resulting leak rate of a panel was typically 0.10 mL/min, quite consistent with the requirements.
Module Assembly
The finalized drift and RO panels were then vertically assembled in a class 10,000 clean room at LNF, equipped with a certified granite table with 11 m measured planarity. The mechanical tools used for the procedure described in this section are shown in Fig.28 .
The five panels presented in Fig.3 were mounted and assembled, starting from the external drift panel 5, up to the external drift panel 1, as described in the following.
Drift panel 5
The external drift panel 5 was positioned on the stiff-frame, a mechanical structure used to guarantee the panel planarity during the assembly procedure. The stiff-frame was produced using a commercial Al profile glued with Al brackets with mechanical tolerances of ∼ 100 µm. The panels were accurately positioned on the frame and fastened with plastic brackets, as shown in Fig.29 .
The alignment of the panel on the stiff-frame was obtained by adjustment screws, shown in Fig.30 .
Then the stiff-frame with the panel was fixed on the assembly tool.
RO panel 4
The stereo panel 4 was added by mounting brackets to hold it on both sides (as shown in Fig.31 ).
The bracket on the long side was equipped with spherical joints, while on the short side there was a simple support piece. The panel was then positioned on the assembly tool as shown in Fig.28 .
Once the drift and the RO panel were positioned face to face, the two panels were subject to a cleaning procedure, in order to remove dust from the surface of the PCBs and the mesh with a dedicated electrostatic roller, while using an ionized nitrogen gun. After cleaning, the HV test was performed 13 on the RO panel surface with a mesh dedicated tool.
If critical regions, shorts or poorly insulated regions were found, they were protected with kapton tape.
Ten pins with 2 mm diameter were then inserted for each layer to align the Front-End boards. Finally, the alignment between the stereo panel and the drift panel was checked using two delrin ® pins (6 mm diameter), inserted in the corresponding holes.
The two panels were then connected using expansion rods, as shown in Fig.32 . The expansion rods were designed to fix the panels and to ensure the o-ring compression. Finally, another HV test and a gas leakage test were performed. A section drawing of the assembled panels is shown in Fig.33 .
13 All the HV test during the assembly were performed in air by applying 750 V and requiring a current smaller than a few nA. 
Drift panel 3
The central drift panel 3 was added at this stage.
Brackets with spherical joints and support brackets were mounted to hold the panel on both sides, then the panel was positioned on the assembly tool, facing the stereo panel 4. After cleaning, the panel was aligned with respect to the stereo panel screw holes, checked with at least two delrin ® pins (6 mm diameter), and then fixed to the assembled structure using expansion rods on the second half screw holes.
HV and gas leakage tests were then performed.
RO panel 2
The gas-leakage tests were performed.
Drift panel 1
Finally, the external drift panel 1 was assembled.
Similarly to panel 5, it was fixed on the stiff-frame and mounted on the assembly tool. Then it was faced to the panel 2, cleaned and HV tested with the mesh tool. Before the module completion and the final test, interconnection plugs with o-rings on both sides were inserted. HV and gas-leakage test on the full module were performed. All the brackets between the external drift panels and the stiff- frame were removed and the expansion rods were substituted, using a dynamometric key, with final screws.
The module was then dismounted from the assembly tool as shown in Fig.35 . 
Quality tests
After the completion of the assembly, a final HV test with the final gas mixture was performed on the complete chamber. When a voltage of 590 V was applied, the current in some sectors of the chamber was exceeding the allowed values. This area, corresponding to approximately 20% of the chamber, was excluded from the subsequent measurements, as discussed in section Sec.7.
Test-beam results
The performances of the Module-0 were then in- 
Output signal and data reconstruction
In the final NSW setup the MM read-out chain [2] will be based on VMM ASICs. On the test beam the read-out was provided by APV25 and SRS (Scalable Readout System) modules operating at 40
MHz, the same read-out used for all previous tests done on smaller size MM chambers. The APV25 For the φ coordinate, the resolution is computed as the signed difference between the position re-14 For tracks orthogonal to the chamber plane, we do not use the alternative µTPC method, which consists in fitting a straight line to nearby channels, using the t 0 's and a constant drift velocity [2] . 
Efficiency of Module-0 Layers
The efficiency of the Module-0 response has also been studied. Starting from tracks reconstructed with the external Tmm chambers, for each layer of 
Conclusion
We have built a full size prototype of a Micromegas chamber for the ATLAS New Small
Wheel and tested it with a beam.
Although the components and assembly procedures are rather preliminary, the chamber perfor- The test of the module was made possible by the efforts of the muon test beam group, which we warmly thank. We also would like to thank the CERN-SPS team for its efficient and smooth operation of the beam line during our tests.
